1. Introduction {#s0005}
===============

Ginseng (*Panax ginseng* C.A. Meyer), belonging to the order Apiales and family Araliaceae, has been widely used as a medicinal and functional food for over 5000 years in East Asia. The genus name "*Panax*" means panacea or cure-all, and the specific epithet "ginseng" comes from the Chinese name "*Ren shen*" because of its man-like shape[@bib1]. Now, as one of the best-selling herbal medicines, ginseng is used as a tonic and adaptogenic agent in more than 35 countries around the world[@bib2]. Because of its multiple clinical and pharmacological effects, numerous chemical and pharmaceutical studies of *P. ginseng* have been conducted[@bib1]. Through these investigations, ginsenosides have been shown to be the major pharmacological ingredients and are found almost exclusively in *Panax* plants[@bib3]. In recent years, many transcriptome analyses have been performed to profile ginseng gene expression, particularly of genes involved in ginsenoside biosynthesis[@bib4]. However, because of its large (3.2 Gb) and high-complexity genome, genome-wide investigations of transcription factors in ginseng remain limited. Recent completion of whole-genome sequencing of ginseng has facilitated genome-wide biological gene analysis studies[@bib5]. Ginsenosides, as triterpene saponins, are mainly biosynthesized utilizing the precursor IPP through themevalonic acid (MVA) pathway in the cytosol and the methylerythritol phosphate (MEP) pathway in the plastid[@bib1]. After these series of condensation reactions, squalene is generated and subsequently converted into (*S*)-2,3-oxidosqualene through cyclization[@bib5]. Various types of ginsenoside precursors, including oleanolic acid and protopanaxadiol (PPD)/ protopanaxatriol (PPT), are formed after multiple oxidations[@bib6]. As transcription factors processed the mutil-point regulation by binding to the promoter region of target genes, the operating of specific transcription factors becoming an efficient strategy to control the biological process, such as improving the yields of target metabolites[@bib7].

The basic helix-loop-helix (bHLH) transcription factor family, which was named after their highly conserved bHLH domain, is one of the largest transcription factor families found in eukaryotic organisms[@bib8]. These transcription factors are involved in a myriad of regulatory processes, including neurogenesis, myogenesis, and heart development modulation in animals[@bib9], [@bib10]; phosphate uptake and glycolysis adjustment in yeast[@bib11]; and secondary metabolism, epidermal differentiation, and environmental factor response regulation in plants[@bib12], [@bib13], [@bib14], [@bib15]. Typically, a bHLH domain consists of approximately 60 amino acids comprising a stretch of approximately 15 basic amino acids at the N-terminus, followed by two regions of hydrophobic residues predicted to form amphipathic helices separated by an intervening loop[@bib16]. With the increasing number of completed and draft plant genomes, more than one thousand bHLH transcription factors have been identified not only in crops (soybean, potato, tomato or rice)[@bib14], [@bib17] and model plants (Arabidopsis; tobacco)[@bib16], [@bib18] but also in pharmaceutical plants (*Salvia miltiorrhiza*; *Panax notoginseng*)[@bib7], [@bib19]. Interestingly, higher plants have more bHLH transcription factors (about 150) and a larger gene family (approximately 26 subfamilies) than most animal species[@bib12], [@bib20]. With the elucidation of secondary metabolic pathway of plants, the regulatory mechanism and identification of transcription factors regulating specific metabolites have been highly developed[@bib16]. Several transcription factors specifically modulating plant triterpenoid biosynthesis have recently been identified. For example, Bl (bitter leaf) and Bt (bitter fruit) were found to regulate the accumulation of cucurbitacin triterpenes in the leaves and fruits of *Cucurbita pepo*, respectively[@bib21]. TSAR1 and its homolog TSAR2, two jasmonate (JA)-inducible bHLH transcription factors, have been shown to direct the biosynthesis of the triterpenoid saponin in *Medicago truncatula*[@bib22]. Very recently, two additional bHLH transcription factors, TSARL1 and TSARL2 were shown to increase the expression of genes in the triterpene biosynthetic pathway, resulting in increased accumulation of triterpene saponins in *Chenopodium quinoa*[@bib23]. Also in *P. notoginseng*, a bHLH transcription factor, PnbHLH1, has been cloned, which improved triterpenoid biosynthesis by interacting with E-box core sequences in promoter region of target genes[@bib7]. However, little is known about bHLH transcription factors in the regulation of triterpene saponin biosynthesis in *P. ginseng.*

In this study, bHLH transcription factor genes were identified in the genome of *P. ginseng*, and phylogenetic analysis was conducted. A total of 21 RNA-seq data sets were selected for expression pattern analyses. Based on gene-specific expression patterns and up-regulated expression patterns in response to methyl jasmonate (MeJA) treatment, 6 bHLH transcription factor identified in *P. ginseng* (PGbHLH) genes were revealed as potentially involved in the regulation of ginsenoside biosynthesis.

2. Material and methods {#s0010}
=======================

2.1. Sequence retrieval and identification {#s0015}
------------------------------------------

The draft genome of a line IR826 *P. ginseng* was assembled, with a total of 42,006 protein-coding gene models predicted[@bib5]. All annotated genes were identified initially by online BLAST against PlantTFDB V4.0 (<http://planttfdb.cbi.pku.edu.cn/index.php>) resulting in 208 transcription factor candidates[@bib24]. All amino acid sequences of these candidates were then screened for a bHLH domain with the local PFAM profile hidden Markov model (Pfam: PF00010.24). A total of 169 candidates were considered to be the PGbHLHs (alignment length≥55 aa, *E*≤0.0001).The bHLH data set of *Arabidopsis thaliana* was obtained from The Arabidopsis Information Resource (TAIR; <http://www.arabidopsis.org/index.jsp>). The bHLH data sets of *Oropetium thomaeum*, *Daucus carota*, *S. miltiorrhiza*, *Arachis ipaensis* and *Capsicum annuum* were retrieved from the Plant Transcription Factor Data Base (<http://planttfdb.cbi.pku.edu.cn/index.php>). Subsequently, all these bHLH domains were searched using Pfam (Pfam: PF00010.24) with the same parameters as PGbHLHs. The confirmed bHLHs of each species were counted separately and reorganized for further analysis.

2.2. Multiple alignment and phylogenetic analysis {#s0020}
-------------------------------------------------

Multiple protein sequence alignments of bHLH domains were performed using ClustalW in BioEdit Sequence Alignment Editor software with the default parameters. To analyse the conserved amino acid residues, the aligned sequences were visualized with the WEBLOGO program (<http://weblogo.berkeley.edu>). As reconstruction of evolutionary relationships was performed on the basis of amino acid sequences, only the bHLH domains were used for phylogenetic tree construction. The Jones, Taylor, and Thornton (JTT) model was selected as the best-fitting amino acid substitution model with an estimated proportion of invariable sites (I) and an estimated g-distribution parameter (G). An unrooted phylogenetic tree of 169 PGbHLHs was constructed using MEGA 7.0 using the neighbour-joining method with the following parameters: pairwise deletion option, 1000 bootstrap replicates and Poisson correction distance. The display, annotation and management of the phylogenetic tree were performed by iTOL (Interactive Tree of Life, <http://itol.embl.de/>).

2.3. Sequence features and gene structure {#s0025}
-----------------------------------------

The exon-intron structure of each PGbHLH gene was determined by aligning the full-length cDNA sequence or predicted coding sequence (CDS) with the genomic sequence in a previously published *P. ginseng* genome database. The cross-platform program TBtools 0.53 was used to display the gene structure (<http://cj-chen.github.io/tbtools>). In addition, the theoretical isoelectric point (p*I*) and molecular weight (MW) of PGbHLH proteins were predicted by the online ExPASy server (<https://www.expasy.org/>). Conserved motifs of 169 PGbHLHs were identified using MEME (Suite version 4.12.0, <http://meme-suite.org/index.html>) with the following criteria: expected *E*-values less than 10^−30^, any number of repetitions of a motif, and an optimum width of 6--50 amino acids. Subsequently, the MAST program was used to search detected motifs[@bib25].

2.4. Digital gene expression analysis {#s0030}
-------------------------------------

For comparing gene expression patterns among the different organs of *P. ginseng*, 10 RNA-Seq datasets from NCBI (accession number SRP066368) were analysed[@bib26]. For analysis among different tissues, 9 RNA-Seq datasets from NCBI (accession numbers PRJNA369187 and PRJNA381509) were used[@bib27]. The clean reads were separately aligned to assemble the *P. ginseng* genome in the orientation mode with TopHat software (<http://tophat.cbcb.umd.edu/>)[@bib28]. After assembling transcripts by Cufflinks and combining by Cuffmerge (<http://cufflinks.cbcb.umd.edu/>), the expression level for each transcript was calculated using fragments per kilobase of exon per million mapped reads (FRKM) method to identify differentially expressed genes (DEGs) among the different samples[@bib29]. Cuffdiff was used for differential expression analysis[@bib30]. The DEGs were selected using the following criteria: the logarithm of the fold change \>2 and the false discovery rate (FDR) \<0.05.

For MeJA treatment analysis, callus from IR826 ginseng induced with a previously published method was used[@bib4]. Newly established callus was moved to solid Murashige and Skoog media (MS media) supplemented with 1.0 mg/L 2,4-dichlorophenoxy acetic acid (2,4-D) and 0.1 mg/L kinetin (KT) then subcultured once every 2 weeks. After 2 weeks of culture, the callus was transferred to solid MS media supplemented with 2,4-D (1.0 mg/L), KT (0.1 mg/L) and MeJA (200 µmol/L, desired concentration) for 48-h culture as the MeJA-treated group. Meanwhile, an equal volume of solvent (ethanol) was dissolved in the experimental controls, which were kept in the same conditions as control group. The total RNA from each group (Con and MeJA) was extracted with TRIzol® Reagent (Invitrogen) following the manufacturer\'s procedure and then treated with DNase I to remove DNA residue. The mRNA with poly(A) tails was isolated from total RNA using a Dynabeads mRNA DIRECT Kit (Invitrogen), then purified and fragmented into small pieces. Double-stranded cDNA was synthesized from fragmented mRNA with random primers. For Illumina sequencing, the short cDNA fragments were ligated to sequencing adapters. After PCR amplification, 400---500 bp fragments were selected as the cDNA library. These two cDNA libraries were finally sequenced on a HiSeq. 2500 (Illumina) with the PE125 strategy. After trimming the adapters and low-quality reads, 33,145,160 and 28,058,510 clean reads were generated for the two libraries (NCBI accession number SAMN07692812). The FRKM was calculated with the same protocol as used for the other 19 RNA-Seq datasets. *C*~1~ and *C*~2~ were denoted as the counts of reads mapped to a specific gene obtained from two samples, and then *M* was defined as (log~2~*C*~1~−log~2~*C*~2~)[@bib31]. The *M*-value based on the MA-plot was used to identify DEGs, which were visualized by iTOL together with the phylogenetic tree.

A first-round Pearson\'s correlation test was performed by the R package "Psych" between the ginsenoside contents and FRKM of PGbHLH-encoding genes in the 9 tissues of the main roots of ginseng[@bib27]. Coexpression analyses between PGbHLH-encoding genes and triterpene saponin biosynthetic enzyme-encoding genes were performed in all 21 RNA-Seq datasets.

3. Results {#s0035}
==========

3.1. Sequence features and phylogenetic analysis {#s0040}
------------------------------------------------

A total of 169 PGbHLHs containing open reading frame (ORF) sequences were identified ([Supplementary Information Table S1](#s0085){ref-type="sec"}). The number of bHLH genes in *P. ginseng* is similar to that in *A. thaliana* and *D. carota* ([Table 1](#t0005){ref-type="table"}). The gene length of PGbHLHs varied from 512 bp (PG38698) to 20,274 bp (PG29796) ([Supplementary Information Table S2](#s0085){ref-type="sec"}). Interestingly, although there are a few differences in total number of bHLH genes between *O. thomaeum, C. annuum, S. miltiorrhiza, A. ipaensis, P. ginseng, A. thaliana*, and *D. carota*, all 7 species are quite similar in gene length distribution ([Fig. 1](#f0005){ref-type="fig"}). The lengths of PGbHLH cDNAs vary from 283 bp (PG15345, PG309998 and PG30999) to 2857 bp (PG12599) ([Supplementary Information Table S2](#s0085){ref-type="sec"}), the molecular weights of the predicted proteins range from 10,560.80 Da (PG30998 and PG30999) to 104,842.95 Da (PG26263), and the theoretical isoelectric points are predicted to range from 4.81 (PG29408) to 10.16 (PG38698) ([Supplementary Information Table S2](#s0085){ref-type="sec"}).Figure 1bHLH protein length distribution in *P. ginseng* and the other six sequenced species.Fig. 1Table 1Number of bHLH proteins and genome feature analysis.Table 1SpeciesNumber of bHLHsGenome size*Arabidopsis thaliana*153125 Mb*Oropetium thomaeum*108245 Mb*Daucus carota*150473 Mb*Salvia miltiorrhiza*128641 Mb*Arachis ipaensis*1241.35 Gb*Panax ginseng*1693.43 Gb*Capsicum annuum*1093.48 Gb

An unrooted phylogenetic tree was constructed using the bHLH gene family in *P. ginseng* and *A. thaliana* ([Supplementary Information Fig. S1](#s0085){ref-type="sec"}) to determine subfamily designations. A neighbour-joining tree constructed among the 169 bHLH members identified in *P. ginseng* indicated a total of 24 distinct subfamilies ([Fig. 2](#f0010){ref-type="fig"}), with the III(d+e) subfamily having the largest number of members (26 PGbHLHs) and the VIIIc subfamily the fewest (1 PGbHLH). In addition, compared with *A. thaliana*, the III(d+e) subfamily was dramatically extended (bHLH members from 9 in *A. thaliana* to 26 in *P. ginseng*), and this subfamily contains many bHLH proteins involved in JA response and secondary metabolism ([Table 2](#t0010){ref-type="table"}). A similar phenomenon also occurred in the IIIb subfamily (from 5 in *A. thaliana* to 14 in *P. ginseng*), which contains many potential activators of cold-responsive genes. However, in the Ib(2) subfamily, which may be involved in Fe uptake regulation, the numbers were decreased (12 in *A. thaliana* and 3 in *P. ginseng*).Figure 2Unrooted phylogenetic tree of the bHLH protein family in *P. ginseng.* Only the bHLH domains were used for phylogenetic tree construction. The JTT model was selected as the best-fitting amino acid substitution model with an estimated proportion of invariable sites (I) and an estimated g-distribution parameter (G). The phylogenetic tree was constructed using the neighbour-joining method with 1000 bootstrap replicates and Poisson correction distance. Roman numerals correspond to the bHLH subfamily. The different colours on the outer two rounds represent organ-specific expression patterns. The blue bars (up-regulated) and red bars (down-regulated) on the outermost round show the changes after MeJA treatment in callus of *P. ginseng*.Fig. 2Table 2Exon distribution analysis of 169 PGbHLHs in each subfamily.Table 2SubfamilyNumber of PgbHLHsNumber of AtbHLHsRelative frequency of bHLHsbHLHs with specific exon numberAVERAGEIntron phase123456\>7012Ia15101.504832.932900Ib1221.00113.50500Ib13120.251113.00600II340.751114.00801IIIa212.00113.50500IIIb1452.801172124.434241IIIc230.67113.00310III(d+e)2692.89203211.46903IIIf221.0028.00850IVa942.25412114.893102IVb321.5036.00615IVc240.5026.00460IVd212.00115.50810Va460.67137.251463Vb933.0061113.782113VIIa661.00159.173540VIIb680.7522115.672521VIIa270.29113.50410VIIIb933.006211.44310VIIIc150.2015.00301IX871.141436.633428XI751.401157.864911XII25171.47119147.9615775XV761.1772.00700Total1691321.28272522201324384.645164334

3.2. Gene structure of PGbHLHs {#s0045}
------------------------------

The 169 PGbHLH genes have a varying number of exons from 1 to 17, and a total of 27 genes are intronless ([Supplementary Information Fig. S2](#s0085){ref-type="sec"}). Exon analyses of each subfamily revealed that the average exon number per gene is 2--5, but this number varies in several subfamilies ranging from 1.44 (subfamily VIIIb) to 9.17 (subfamily VIIa). The 27 intronless genes are distributed across 3 subfamilies, particularly subfamily III(d+e) ([Fig. 3](#f0015){ref-type="fig"}A), in which 20 genes are intronless. Six of the other 7 intronless genes belong to subfamily VIIIb, while subfamily IIIb only contains 1. Multi-exon genes (exon number ≥7) are mainly distributed in subfamilies VIIa ([Fig. 3](#f0015){ref-type="fig"}B), XI and XII . There are several subfamilies where genes with a certain exon number are concentrated, such as subfamily XV, which contains 7 two-exon genes. The same pattern was observed in subfamilies IVb, IVc and IIIf, with 3 six-exon genes, 2 six-exon genes and 2 eight-exon genes, respectively ([Table 2](#t0010){ref-type="table"}).Figure 3The structural features of the III (d+e) and VII a bHLH gene subfamilies. The exons and UTRs are represented by green and pink round-cornered rectangles, respectively, with black connecting lines as the introns. The bHLH domains are emphasized by yellow colour. The numbers above the rectangles correspond to the intron phase.Fig. 3

The intron numbers and phases were also analysed over genomic regions encoding the PGbHLH domains. Among the 593 introns, a great majority (516) are phase 0, whereas only 43 and 34 are phases 1 and 2, respectively. Interestingly, intron pattern distribution shows specificity within some subfamilies: Ia, Ib1, Ib2, IIIa and XV contained only 0-phase-intron genes, while genes in subfamilies IIIf and IVc include several 1-phase introns. Two-phase-intron genes are mainly distributed in subfamilies IVb and IX ([Table 2](#t0010){ref-type="table"}).

3.3. Key amino acid residues in bHLH domain {#s0050}
-------------------------------------------

Based on a bHLH domain alignment of 169 PGbHLHs, 20 amino acid residues were highly conserved with consensus more than 50% ([Fig. 4](#f0020){ref-type="fig"}B). Among these, 5 conserved residues were in the basic region, while other 15 were found in the two-helices region.Figure 4Alignment of the bHLH domains of *P. ginseng* proteins. (A) Alignment of the bHLH domain of PGbHLHs in the III(d+e) subfamily. The shaded boxes above indicate the positions of the DNA-binding basic region, the two *α*-helixes, and the variable loop region. (B) Highly conserved amino acid residues in the bHLH domain across all PGbHLHs. The overall height of each stack represents the conservation of the sequence at that position. The numbering of the amino acid follows.Fig. 4

There were 14 amino acid residues in the basic region, which is similar to those of other plants. Glu-9 and Arg-10, which are thought to be essential in E-box-binding recognition, were both highly conserved, with 85.12% and 94.65%, respectively, and 83.93% combined. In addition, with the presence of His residues at position 5, 64.88% of PGbHLHs showed G-box specificity to bind to a variation of the E-box hexanucleotide sequence (CACGTG). Interestingly, all 26 III(d+e) members except one (PG22741), contained this G-box binding site ([Fig. 4](#f0020){ref-type="fig"}A), which was a higher frequency of H5-E9-R13 structure (96.15%) than the other subfamilies. Because it is a requirement to contact the DNA backbone, most PGbHLHs also showed the critical Arg residues at positions 10 (84.52%) and 12 (95.83%) in the basic region.

The hydrophobic amino acids isoleucine (I), leucine (L), phenylalanine (F), methionine (M) and valine (V) in conserved positions are required for the formation of homo- or heterodimeric complexes between bHLH proteins. These highly conserved positions were ubiquitous in most PGbHLHs. An L residue is present at sites 23, 63 and 73 in 99.40%, 80.95% and 95.83%, while an I residue was found 50.00% and 59.52% of the time at position 16 and 67. When all 5 hydrophobic amino acid residue frequencies were assessed together, 10 sites in the two helices showed high consensus, as shown in [Supplementary Information Fig. S4](#s0085){ref-type="sec"}. A conserved proline at position 29 breaks the first helix and starts a loop of variable length.

3.4. Conserved non-bHLH motifs in P. ginseng bHLH proteins {#s0055}
----------------------------------------------------------

By motif discovery using MEME, 20 conserved motifs were characterized ([Supplementary Information Table S4](#s0085){ref-type="sec"}). According to their amino acid sequences, 16 were non-bHLH motifs. In 169 PGbHLHs, these motifs were highly conserved both in combination and relative position. All 9 IVa members contained bHLH domains with motif 12 and motif 4 at the C-terminus; 6 of 7 XI members had their bHLH domain between motif 6 and motif 14, except PG36640, which had lost motif 14. Most motifs were located C-terminal to the bHLH domain, but proteins from subfamilies III(d+e) and IIIf have a stretch of motifs positioned towards the N-terminal of PGbHLHs ([Fig. 5](#f0025){ref-type="fig"} and [Supplementary Information Fig. S7](#s0085){ref-type="sec"}). Interestingly, in subfamily III(d+e) there were three subtype motif combinations, with a highly conserved N-terminal region (motifs 8--10-7--11-14), which may be necessary to obtain an active transcription complex. In several subfamilies, such as XV, IVb and IVc, no conserved motifs were present other than the bHLH domain.Figure 5Conserved motifs in each *P. ginseng* bHLH protein subfamily. A representation of a typical member of each bHLH subfamily is shown, with the bHLH domain and other conserved motifs drawn as coloured boxes. The sequences of each motif in the individual proteins are included in [Supplementary Information Table S4](#s0085){ref-type="sec"}.Fig. 5

Commonly motifs only appeared once, but a few special cases were found in *P. ginseng.* Motif 9 was found on both sides of the bHLH domain in five III(d+e) bHLHs; motif 19 was repeated once in PG37222 and PG37445 (XII subfamily). Several motifs were subfamily-specific, such as motif 15 in XII subfamily, motif 11 in III(d+e) and motif 13 in VIII. However, some motifs also appeared frequently; for instance, motif 4 was shared by subfamilies I , II, III, IV, and V, and motif 6 was distributed across subfamilies IX, XI, and XII.

3.5. Expression profiles of bHLH genes in various organs and tissues {#s0060}
--------------------------------------------------------------------

By analysing the expression levels of 169 PGbHLH genes in ten different organ samples of *P. ginseng* ([Fig. 6](#f0030){ref-type="fig"}A), 19 PGbHLH genes were not detected in any organs, and 13 PGbHLH genes were specifically expressed in only one organ. Among these 13 PGbHLHs, fruit, leaflet pedicel, leaf peduncle and stem only had one specific PGHLH (PG32671, PG27139, PG16912 and PG29658 respectively), while seed had three specific PGbHLHs (PG16383, PG17327 and PG09058). There were five specific PGbHLHs in root, whose expression was also associated with growth period (PG29408, PG08366 in 5-year roots; PG26053 in 5- and 12-year roots; PG16018, PG06292, PH10233 in all three periods). Interestingly, 6 of these 13 specific PGbHLHs belonged to the Ia subfamily, which contained many bHLHs controlling cell differentiation. The remaining 137 PGbHLHs also showed altered expression patterns in different organs, 66 of which were detected in ten organs. According to the heatmap, all identified PGbHLHs were clustered into four distinct groups, while ten organs also clustered into four individual groups with specific expression patterns. Forty-five PGbHLHs belonging to 19 subfamilies were differentially high in leaf blade and pedicel. In the root, a total of 44 PGbHLHs including 10 III(d+e) subfamily members and 3 IVa subfamily members showed higher expression patterns ([Fig. 2](#f0010){ref-type="fig"}), while 22 PGbHLHs were detected with greater FRKM values in the stem. There were 9 PGbHLHs containing two Ib(1) subfamily members that showed higher expression in the seed.Figure 6Heatmaps representing partial expression profiles of *P. ginseng* bHLH genes. (A) Clustering and differential expression analysis of 169 PGbHLH genes in various organs. (B) Clustering and differential expression analysis of 44 PGbHLHs genes with root-specific expression in the cortex, periderm and stele. The FPKM values were transformed to log2(value +1). The colour scale is shown at the right, and higher expression levels are shown in red. Genes with FPKM values of 0 in all samples are not shown.Fig. 6

To analyse the ginseng root PGbHLHs further, expression profiles of 44 PGbHLHs highly expressed in the root were also tested in three root tissues (three samples each in cortex, periderm and stele). As shown in [Fig. 6](#f0030){ref-type="fig"}B, the 9 samples clustered well in three distinct groups, and the 44 PGbHLHs generated three clusters by their expression pattern. Six PGbHLHs were not detected in any sample, and 38 PGbHLHs were measured in at least one sample. A total of 21 PGbHLHs distributed in 8 subfamilies showed higher expression levels in all three cortex samples, and 8 of these 21 bHLHs belonged to the III(d+e) subfamily ([Fig. 2](#f0010){ref-type="fig"}). In the stele, 9 PGbHLHs distributed in 4 subfamilies showed differentially high FRKM, among which 4 were also III(d+e) members. The combined organ-expression profile results indicate that the III(d+e) subfamily may play a role in roots.

The JA signalling network coordinates the production of a broad range of defence-related proteins and secondary metabolites, including ginsenosides and other terpenes. As several groups of bHLH transcription factors were reported to be important for the regulation of these JA-related pathways, a MeJA treatment analysis was performed. After 48 h MeJA treatment, all PGbHLH genes were detected in at least one sample, except 7 and 11 PGbHLH genes in the control and MeJA groups, respectively. For the control group, the FPKM of PGbHLHs ranged from 0.04 to 156.77 with an average of 10.49, while the FPKM for the MeJA group ranged from 0.04 to 451.82 with an average of 17.82. These results indicate that both control and MeJA PGbHLHs showed a wide range of expression levels and that several PGbHLHs were up-regulated after MeJA treatment ([Supplementary Information Table S6](#s0085){ref-type="sec"}). Further analysis showed that 14 PGbHLHs were obviously up-regulated (*M*-value\>2.0), among which 9 PGbHLHs had the typical MYC-N structure ([Supplementary Information Table S3](#s0085){ref-type="sec"}). Half of these 14 PGbHLHs belonged to the III(d+e) subfamily. Furthermore, all 4 substantially up-regulated PGbHLHs (*M*-value\>5.0) were III(d+e) subfamily members. Eight PGbHLHs were down-regulated by MeJA stimulation (*M*-value≤2.0). Four of these down-regulated PGbHLHs were distributed in the XV subfamily, which contains many members that act as positive regulators of gibberellin signalling.

3.6. Coexpression analyses of candidate ginsenoside biosynthesis PGbHLHs {#s0065}
------------------------------------------------------------------------

To test whether these MeJA-stimulated PGbHLHs were able to induce the accumulation of ginsenosides, Pearson\'s correlation test was performed between individual or total ginsenoside contents and the expression levels of 14 PGbHLH-encoding genes up-regulated by JA ([Supplementary Information Table S7](#s0085){ref-type="sec"}). A total of 6 PGbHLHs, which were 2 III(d+e), 2 IVa, 1 IIIc and 1 IIIf subfamily members, showed strong correlations with ginsenoside accumulation (Cor\>0.80; *P*\<0.05). Interestingly, PG40693 and PG07173 showed stronger correlation with PPD-type ginsenosides than with PPT-type ginsenosides ([Table 3](#t0015){ref-type="table"}). Commonly, the transcription factors regulating specialized metabolite biosynthesis are coexpressed with the target genes encoding the pathway enzymes[@bib32]. Therefore, analyses were conducted to determine the coexpression of these 6 candidate PGbHLHs with target genes in the MEP and MVA pathways ([Fig. 7](#f0035){ref-type="fig"}; [Supplementary Information Table S8](#s0085){ref-type="sec"}).Figure 7Biosynthesis pathway for ginsenosides with the Pearson\'s correlation coefficients of six candidate bHLH transcription factors. *β*-AS, *β*-amyrin synthase; AACT, acetyl-CoA *C*-acetyltransferase; CAS, cycloartenol synthase; CDP-ME, methylerythritol cytidyl diphosphate; CDP-MEP, 4-diphosphocytidyl-2-*C*-methyl-d-erythritol-2-phosphate; DDS, dammarenediol synthase; DMAPP, dimethylallyl diphosphate; DXP, 1-deoxy-d-xylulose-5-phosphate; DXR, DXP reductoisomerase; DXS, 1-deoxy-d-xylulose-5-phosphate synthase; FPP, farnesyl diphosphate; FPS, farnesyl diphosphate synthase; HMBPP, 4-hydroxy-3-methyl-butenyl-1-diphosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; IDI, isopentenyl-diphosphate delta-isomerase; IPP, isopentenyl diphosphate; IspD, CDP-ME synthetase; IspE, 4-diphosphocytidyl-2-*C*-methyl-d-erythritol kinase; IspF, 2-*C*-methyl-d-erythritol 2,4-cyclodiphosphate synthase; IspG, (*E*)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase; IspH, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase; LAS, lanosterol synthase; MEcPP, 2-C-methyl-d-erythritol-2,4-cyclodiphosphate; MEP, 2-*C*-methyl-d-erythritol 4-phosphate; MVD, mevalonate diphosphate decarboxylase; MVK, mevalonate kinase; MVP, mevalonate phosphate; MVPP, diphosphomevalonate; OAS, oleanolic acid synthase; PMK, phosphomevalonate kinase; PPDS, protopanaxadiol synthase; PPTS, protopanaxatriol synthase; SE, squalene epoxidase; SS, squalene synthase.Fig. 7Table 3Pearson\'s correlation coefficients of selected bHLH transcription factor expression levels and major ginsenoside contents.Table 3IDRg1ReRfRb1Rb2RcRdTotalPG406930.87890.97310.92090.94650.97490.98250.96780.9669PG269940.86460.91120.97870.92320.92800.89970.92320.9249PG194620.82030.89470.84920.87970.89010.88500.85010.8852PG296200.86290.87890.74240.85620.84770.86200.77490.8580PG067010.79170.87620.89610.85560.87730.84940.84030.8708PG071730.69110.83710.82270.80610.86500.88680.93090.8426

PG40693 and PG19462, both of which were III(d+e) subfamily members, showed coexpression with genes encoding triterpene saponin biosynthesis enzymes. PG40693, in particular, showed very strong positive correlations with both the MVA and MEP pathways (Cor\>0.8). Unlike PG40693 and PG19462, the IIIc subfamily bHLH transcription factor PG26994 only showed moderate positive correlation with 1-deoxy-d-xylulose-5-phosphate synthase (DEX) and *β*-amyrin synthase (*β*-AS). Interestingly, two IVa-subfamily bHLH transcription factors showed different patterns. PG29620 showed moderate or even strong correlation with CASs and PPTSs, which is unique among these 6 candidates, while PG07173 showed similar coexpression pattern with 2 III(d+e) subfamily members. Unexpectedly, PG06701, belonging to the IIIf subfamily, had a strong positive correlation with the MEP pathway rather than the MVA pathway. It also showed strong negative correlation with a 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR3) and moderate negative correlations with 3-hydroxy-3-methylglutaryl-CoA synthase (HMGS3), oleanolic acid synthase (OAS1), and 1-deoxy-d-xylulose-5-phosphate synthase (DXS4). Overall, based on expression profiles, the III(d+e) and IVa subfamilies may play roles in ginsenoside biosynthesis regulation.

4. Discussion {#s0070}
=============

As extraordinary progress has been made in genome sequencing technologies, plant genome sequencing and assembly in the last 10 years has increased dramatically[@bib33]. In modern plant biological research, whole-genome sequencing is one of the most important approaches, which results in an increasing number of sequences deposited in public databases. Therefore, functional annotations for a large number of macromolecules has become one of the current challenges. Assigning protein functions through experimental investigation is well known to be costly and time consuming. Alternatively, using computational approaches to mine and characterize functional gene families in genome-wide datasets is possible due to their significant structural features and conserved domains[@bib8], [@bib18], [@bib34], [@bib35]. Based on previously used approaches, several bioinformatics methods have been applied to identifying and predicting bHLH transcription factor functions in this study, including BLAST search, sequence alignment, phylogenetic analysis, and domain analysis[@bib14], [@bib16], [@bib17]. These whole-genome gene-mining approaches have enabled genome-wide identification, phylogenetic analysis, and comparative study of bHLH transcription factors. By combining expression profiles and chemical contents in stimulus-responsive and organ-specific samples, the expression patterns and potential functions of bHLH transcription factors were observed systematically.

In this study, 169 bHLH members in *P. ginseng* were classified into 24 subfamilies, consistent with other plants[@bib14], [@bib18], [@bib36]. Furthermore, comparative studies of bHLH gene members in different plant species showed that all 7 species were quite similar in gene length distribution. In contrast to bHLH transcription factors in animals, which are classified into 6 main groups, bHLH classification in plants is on-going. Based on a phylogenetic tree constructed with the bHLHs of *A. thaliana*, the bHLHs in *P. ginseng* can be classified into 24 distinct subfamilies ([Supplementary Information Fig. S1](#s0085){ref-type="sec"}), with the dramatically extended III(d+e) subfamily having the largest number of members (26 PGbHLHs). Plant bHLH transcription factors of the same subfamily are frequently involved in the same biological process[@bib8]. As the III(d+e) subfamily contains many bHLH proteins involved in JA response and secondary metabolism, it might be associated with the abundant triterpenoid saponins almost exclusively produced in *Panax* species. According to the Pfam result, 22 of 26 III(d+e) PGbHLHs and five PGbHLHs from the rest of the III superfamily contained MYC-N structures, which specifically interact with JAZ proteins to repress transcription when JA levels were low. In addition, 7 III(d+e) PGbHLHs showed higher expression levels after MeJA treatment in IR826 ginseng callus, which suggested that the functions of bHLHs belonging same subfamily might be partially or totally redundant. A second significant expansion was observed in the IIIb subfamily (from 5 in *A. thaliana* to 14 in *P. ginseng*), which contains many potential activators of cold-responsive genes. It has been reported that 2 MYC-like bHLH transcription factors encoded by inducer of CBF expression genes (*ICE1* and its homolog *ICE2*) in *A. thaliana* are distributed in the IIIb subfamily[@bib37], [@bib38]. In addition, in *Triticum aestivum*, two functional ICE-like bHLH genes were characterized to be candidate regulators of CBF gene expression[@bib39]. In ginseng, there were only 2 MYC-like bHLH transcription factors (PG08366 and PG29408) in the IIIb subfamily with specific expression activity in roots, whose function will require further study.

The other main objective of our research was to identify the bHLH transcription factors involved in ginsenoside biosynthesis. It has been reported that several JA-stimulated transcription factors specifically modulate plant terpene biosynthesis. Two MYC2 homologs, which are known JA signalling cascade activators, play a role in regulating the biosynthesis of sesquiterpenes in *Solanum lycopersicum* and *Artemisia annua*[@bib40], [@bib41]. Similarly, in *P. ginseng*, 4 PGbHLHs containing a MYC-N structure and 2 IVa-subfamily members showed expression patterns positively correlated with ginsenoside accumulation. The coexpression phenomenon between transcription factors and regulated genes was also observed. The expression levels of PG40693 and PG19462, distributed in the III(d+e) subfamily, showed very strongly positive correlations with enzyme-encoding genes in both the MVA and MEP pathways. PG06701, belonging to the IIIf subfamily, had a strong positive correlation with the MEP pathway rather than the MVA pathway. Unlike others, a IIIc subfamily bHLH transcription factor PG26994 showed only moderate positive correlative with 1-deoxy-d-xylulose-5-phosphate synthase (DEX) and *β*-amyrin synthase (*β*-AS). In addition, four homologous IVa bHLH transcription factors, triterpene saponin biosynthesis activating regulators (TSAR1 and TSAR2) in *M. truncatula* and TSAR-like (TSARL1 and TSARL2) in *C. quinoa* were very recently found to regulate the accumulation of triterpenes[@bib22], [@bib23]. Moreover, there were two bHLH transcription factors reported in other *Panax* species expect ginseng. One bHLH transcription factor, *PnbHLH1* was cloned from *P. notoginseng* with triterpenoid biosynthesis regulation function[@bib7], the other one named *PjbHLH* was identified in *Panax japonicas* (ALB38667.1). Multiple protein sequence alignments of bHLH domains of these *Panax* species bHLH transcription factors were performed using ClustalW. These two bHLH transcription factors showed highly homology, and both are belonged to IVa subfamily. Interestingly, two IVa-subfamily bHLH transcription factors in our study showed strong positive correlations of expression pattern with triterpene accumulation but a different pattern with enzyme-encoding genes. PG29620 showed moderate or even strong correlation with CAS and PPTS, while the expression level of PG07173 showed strong positive correlation with 2*-C-*methyl-d-erythritol 2,4-cyclodiphosphate synthase (IspF), HMGS and mevalonate kinase (MVK). The similar expression patterns of PGbHLHs from same subfamily indicate their functional redundancy, while synergistic expression of PGbHLHs from different subfamily suggested functional complementation. Further gene-specific overexpression or knockout transgenic analysis may be helpful to unravel their functions.

5. Conclusions {#s0075}
==============

In this study, 169 bHLH transcription factor genes were identified in the genome of *P. ginseng*, and phylogenetic analysis indicated that these PGbHLHs could be classified into 24 subfamilies consistent with structural similarities. A total of 21 sequencing libraries were constructed for expression pattern analyses using RNA-Seq. Organ/tissue expression patterns and MeJA-responsive patterns suggested complementary and tissue-specific functions of PGbHLHs. Based on gene-specific expression patterns and ginsenoside contents, 6 PGbHLHs were revealed as potentially involved in the regulation of ginsenoside biosynthesis. Some of them might be ideal candidates for further investigation.
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